Single-and double-heavy baryons are studied in the constituent quark model. The model Hamiltonian is chosen as a standard one with two exceptions : (1) The color-Coulomb term depend on quark masses, and (2) an antisymmetric LS force is introduced. Model parameters are fixed by the strange baryon spectra, Λ and Σ baryons. The masses of the observed charmed and bottomed baryons are, then, fairly well reproduced. Our focus is on the low-lying negative-parity states, in which the heavy baryons show specific excitation modes reflecting the mass differences of heavy and light quarks. By changing quark masses from the SU(3) limit to the strange quark mass, further to the charm and bottom quark masses, we demonstrate that the spectra change from the SU(3) symmetry patterns to the heavy quark symmetry ones.
I. INTRODUCTION
Recent hadron physics has been stimulated by observations of exotic hadrons with heavy quarks. So-called X, Y, Z mesons contain most likely a hidden heavy quark and antiquark pair, eithercc orbb. In addition, they may contain light quark and antiquark pair, thus forming a multiquark configuration near the threshold region of open flavor. For instance, X(3872), Z b (10610, 10850) are expected to be hadronic molecules of DD * , BB * or B * B * via strong correlation of quark and antiquark pair [1] [2]. Furthermore, the recently discovered penta-quarks, P c (4380) and P c (4450), by LHCb [3] may also have such a structure. Theoretically, diquarkcorrelations may also play an impotant role, leading to the idea of compact tetraquarks [4] [5] . In fact, the diquark correlations have been considered for long time in many different contexts [6] to explain the mass ordering of light scalar mesons, weak decays of hyperons, missing nucleon resonances, novel phase structure of the quark matter and so on. In QCD, the correlation densities of the two light quarks were measured, having indicated a strong attraction in a so called good diquark pair [7] . In reality, the evidence should be also seen in masses of excited states. Charmed baryons with two light quarks may provide a good opportunity for such a study.
A pioneering work was done some time ago by Copley et al. [8] in a constituent quark model, and later elaborated by Roberts and Pervin [9] . They studied various excited states of charmed and bottomed baryons by solving three quark systems explicitly. Yet a motivation of the present work is to further point out the behavior of various properties of heavy baryons as functions of the heavy quark mass, smoothly interpolating the SU(3) limit of equal quark masses and the heavy quark limit. * present address G-search Ltd. Tamachi 108-0022, Japan.
Such a study in different flavor regions is useful to systematically understand the nature of spectrum, in particular the roles of the two internal motions when baryons are regarded as three-body systems of quarks. Then the structure information must show up sensitively in various transition amplitudes of decays and productions, which can be studied experimentally as planed at J-PARC and FAIR.
Let us start by briefly showing the essential features of the three quark systems with one heavy quark (Q) of mass m Q and the two light quarks (q) of equal mass m q using a non-relativistic quark model with a harmonic oscillator potential for confinement [8] .
It is convenient to introduce the Jacobi coordinates, λ = r Q − rq1+rq2 2
and ρ = r q2 − r q1 , with obvious notations. In the harmonic oscillator potential, the two degrees of freedom decouple and the Hamiltonian can be written simply as a sum the two parts,
where, m ρ and m λ denote the reduced masses
and the oscillator frequencies ω ρ and ω λ are given by
The ratio of the two excited energy is then given by
In the SU(3) limit, equal quark masses, m q = m Q , the λ and ρ modes degenerate, ω λ = ω ρ . However, when m Q > m q , the excited energy of the λ mode is smaller than that of the ρ mode, ω λ < ω ρ (See Fig.1 ). Thus, we expect that in the heavy quark sector, the λ excitation modes become dominant for low lying states of singly heavy quark baryons. In contrast, when m Q < m q , which corresponds to doubly heavy-quark baryons, we have ω λ > ω ρ , and therefore, the ρ excitation modes become dominant. It is shown that this feature is rather general for non-relativistic potential models except for the case when the Coulomb type potential of 1/r dominates the binding.
One important symmetry structure realized in the heavy quark hadrons is the heavy quark spin symmetry (HQS) [10] . In the heavy quark limit, the interactions which depend on the spin of the heavy quark disappear. Thus, in a single-heavy hadron the heavy quark spin s Q is conserved, i.e., [H, s Q ] = 0, and, with the conservation of the total angular momentum J, one sees that j ≡ J − s Q , angular momentum carried by the light quarks (including all the orbital angular momenta) is also conserved. We will call j light-spin-component. Consequently, two states whose quantum number are J = j + 1/2 and J = j − 1/2 will be degenerate. They form a heavy quark spin doublet, except for j = 0, which yields HQS singlet. A simple example of HQS doublet is the pair of Σ Q (1/2 + ) and Σ Q (3/2 + ). The mass differences
We organize this paper as follows. In section II, we present our formulation of the non-relativistic constituent quark model. The Hamiltonian and the quark interaction are introduced in section II.A; we employ a linear potential for quark confinement supplemented by spin-spin, tensor and spin-orbit (LS) forces. The anti-symmetric LS force is also needed to guarantee the heavy quark symmetry. In II.B, the Gaussian expansion method is introduced to solve the three-quark system. When the heavy quark mass is varied from m Q = m q to m Q → ∞, then the symmetry of the spectrum changes from the SU(3) to the heavy quark spin symmetry. In section II.C, the relation of the two symmetry limits and mixings of the two internal excitation modes are discussed. The results of the present work are presented in section III. The results of single-heavy baryons and those of double-heavy baryons are discussed in III.A and III.D, respectively. The properties of the λ and ρ modes are discussed in III.C in detail. In III.D, the heavy quark limit is investigated. Finally, a summary is given in Section IV.
II. FORMALISM

A. Hamiltonian
In this subsection, we discuss our model Hamiltonian in detail. In the non-relativistic quark model, baryons are formed by three valence (constituent) quarks. They are confined by a confining potential and interact with each other by residual two-body interactions. Their internal motions are then described by the two spatial variables ρ and λ. In other models of baryons, non-quark degrees of freedom are considered such as constituent gluons and confining fields. Their signals in baryon excitations are, however, not yet confirmed in experiments, and are expected to lie at higher energies than the low lying quark excitation modes. Empirically these justify the applicability of the quark model, especially for low lying excitation modes.
Thus our Hamiltonian is written as
where the kinetic energy, K, the confinement potential, V con , and the short range interaction, V short , are given as
In Eq.(6), m i is the constituent quark mass of the i-th quark, and the center of mass energy, K G , is subtracted so that the kinetic energy consists only of the ρ and λ-kinetic energies. In Eq. (7), we employ the linear confinement potential with the b parameter corresponding to the string tension and r ij = r i − r j is the relative coordinate.
is the relative orbital angular momentum and (1) is the spin operators of the i-th quark. The components of Eq. (8) are inferred by the one-gluon-exchange (OGE), which requires only one coupling constant common to the four terms. Practically, however, they may have different origins other than the OGE, and therefore, we treat the four coupling strengths, α Coul , α ss , α so and α ten as independent parameters for better description of baryon masses.
In order to guarantee the heavy quark symmetry, we introduce anti-symmetric LS force (ALS). The terms dependent on the heavy quark spin s Q of the V SLS and V ALS in a single-heavy baryon are given by
where we choose i = 3 for the heavy quark. Then by summing the parts from SLS and ALS, the L Q · s Q is always proportional to 1/m Q or higher. Thus the s Q dependence disappear in the m Q → ∞ limit, and the heavy quark symmetry is guaranteed. Recently, it was suggested by a Lattice QCD calculation [11] that the strength, α Coul , of the color Coulomb force depends significantly on the quark mass. In our study, we therefore assume that α
Coul for the i − j pair of quarks depends on the reduced mass, µ ij = mimj mi+mj , as follows,
We summarize 10 parameters in the Hamiltonian employed here in TABLE I. The parameters are determined from experimental data of the strange baryon spectrum (See TABLE II) . First, we switch off the LS and tensor force to determine the parameters C, α ss , m q , m s and Λ, K from the positive parity state. Then, we determine α so , b from negative parity states. The details how to determine the parameters are as follows.
• The constant term C In the constituent quark models, we can predict mass differences between different states, but the absolute values can not be determined. In our work, we introduce the constant C to reproduce the ground state of Λ(1115) and we assume that the constant C is independent of the constituent quark mass. Namely, we use the same value for the charmed baryons.
• Spin-spin term
The spin-spin term in the hamiltonian is responsible for the splitting among Λ, Σ and Σ * . This term depends on α ss , m q , m s and Λ. Because we have four parameters for three states to be fitted, we fix m q = 300 MeV which is the standard value suggested from the magnetic moment of the baryon in the constituent quark model and then we determine the other parameters to reproduce the masses of Λ, Σ, Σ * .
• The parameter K
In our calculation, we introduce α Coul as a quark mass dependent form as given by Eq (12) . Thus, the Coulomb force can contribute to the mass splitting between the ground states of Λ s (Σ s ), Ξ ss , Ω sss . This force also contributes to the mass differences between the ground state and the excited states. We determine the parameter K to reproduce Ξ(1/2 + ) and the mass difference between the ground state and the excited states.
• The linear confinement b
Our emphasis in the present study is on the P wave states. The parameters which mainly determine the mass differences are b and K. K is determined from Ξ(1/2 + ) as mentioned above and we determine the parameter b to reproduce the splitting between ground state and P-wave state.
• The spin-orbit coupling α so The strength α so of the spin-orbit force may be determined by the splitting of the P-wave baryons, such as Λ(1/2 − ) and Λ(3/2 − ). However, we do not use the lowest Λ(1/2 − ), =Λ(1405), because various recent studies on the Λ(1405) resonance suggests that this is not simply a pure three-quark state, but rather a NK molecular-like state. Therefore, we determine the parameter α so to reproduce the splitting between the second Λ(1/2 − ) and Λ(3/2 − ), namely Λ(1670) and Λ(1690). Thus, as expected, α so becomes very small, much smaller than α ss . If the spin-spin and LS forces come only from the OGE, then their values are not consistent. However, other sources of quark interactions including the relativistic correlations to the confinement and instanton induced interaction(III) may contribute also the LS interaction shown [12] that the LS force from OGE and III are opposite. Then the discrepancy between α ss and α so can be explained.
• The strength α ten The tensor force in the hamiltonian contributes mainly to the positive parity Σ(1/2
Jacobi coordinates for the three body system. We place the heavy quark as the 3rd particle in the case of singleheavy baryons, while the 1st and 2nd particles are heavy quarks in double-heavy baryons.
and the lowest negative states. It has been known that the tensor force is weak and does not contribute much except for generating mixings of S = 1/2 and 3/2 states. We choose α ten equal to α From Table II , we find that our results reproduce most of the known strange baryon masses, except for the second J P = 1/2 + state and the first J P = 1/2 − . It is well known that the Roper resonance N (1440), the second J P = 1/2 + state, is lighter than lowest J P = 1/2 − state, which is incompatible with the quark model predictions. Similarly, in the strange sector, the Roperlike states Λ(1600) and Σ(1660), are predicted at higher masses than experiment. The origin of these discrepancies may reside outside the simple three quark picture of the baryons in the quark model. We therefore omit these states from the fitting in the present analysis.
B. Baryon wave-function
We here consider three quark systems (TABLE.III) with one heavy quark, Q = (c or b), with two or three heavy quarks with the same flavor, i.e., QQ = (cc or bb) and QQQ = (ccc or bbb). The remaining quarks are u, d or s. We classify the baryons according to the number of heavy quarks, and the strangeness, S and the total isospin, T . The last column of the TABLE.III shows the isospin wave function where η 0 = 1.
In expressing three-quark wave functions, we introduce three sets of Jacobi coordinates, which we call channels (Fig. 2) . The Jacobi coordinates in each channel c (c = 
where (i, j, k) are given by Table IV. The total wave function is given as a superposition of the channel wave functions as
where the index α represents {s, S, ℓ, L, I, n, N }. Here s is the spin of the (i, j) quark pair, S is the total spin, ℓ and L are the orbital angular momentum for the coordinate ρ and λ, respectively, and I is the total orbital angular momentum. The coupling scheme of the spin and angular momenta is as
The wave function for channel c is given by
where the color wave function, φ c , the spin wave function, X S , the orbital wave function, Φ I , and the isospin wave function, H T , are given by
Heavy baryons Isospin Strangeness isospin wave function 
In Eq. (18), r, g, b denote the color of the quark, and the color-singlet wave function is totally anti-symmetric. In Eq.(19), χ 1/2 is the spin wave function of the quark, while η τ in Eq. (20) is the isospin wave function with τ defined by
We consider the quark antisymmetrization for the light quarks, u and d, and the heavy quarks, s, c, b, separately. Then for single-heavy baryons, antisymmetrization is applied only to the light quarks. As the color wave function is always totally anti-symmetric, the spin, isospin and the orbital angular momentum in the channel (3) should satisfy
where ℓ, s, t are the orbital angular momentum, total spin and isospin of the two light quarks. Similarly, the heavy quarks are antisymmetrized in the double-heavy baryons as
where ℓ, s, t are the corresponding ones for the heavy quarks. Considering the antisymmetrization and the combinations of the angular momenta, we obtain possible assignments of the angular momenta for the low-lying Table V , where we take all the combinations satisfying ℓ + L ≤ 2.
In solving the Schrödinger equation, we use the Gaussian expansion method [13] , where the orbital wave functions are expanded, in Eqs. (22) and (23), by Gaussian functions with the range parameters, β n and γ N , chosen as:
n , r n = r 1 a n−1 (n = 1, . . . , nmax),
In Eqs (22) ans (23), N nℓ (N N L ) denotes the normalization constant of the Gaussian basis. The coefficients C c,α of the variational wave function, Eq. (15), are determined by the Rayleigh-Ritz variational principle. In order to check that the energy converges to the required precision, we change the number of bases and plot the eigen-energy of the lowest lying Λ c (3/2 − ) in Fig.3 . The filled points are the results from the calculation only using the channel 3, while the open circles are the results from the three channel calculation (Fig.2) . One sees that when we take only one channel, the convergence is slow and has not yet reached the required precision at N max = n max = 10.
C. Heavy quark limit
One of the aims of this paper is to see how the heavy baryon spectrum changes when the heavy quark mass m Q Combinations of the spin and orbital angular momenta in channel 3 of the low-lying Λ(1/2 + ). In our study, we restrict the total angular momentum up to 2, ℓ + L = 0, 2.
changes. Two limits are important: the SU(3) limit with m Q = m q , and the heavy quark (HQ) limit, m Q → ∞.
In the limit m Q → m q , the spectrum is classified by the SU(3) representations. For instance, the lowest Pwave baryons are expected to belong to the SU(6) 70-dimensional representation, which contains 2 1, 2 8, 4 8, and 2 10. Here the upper index number is the spin multiplicity and the bold number represents the SU(3) multiplicity. On the other hand, in the HQ limit, m Q → ∞, as we have discussed in sect.I, the P -wave baryons are better classified by the ρ-and λ-excitation modes (Fig.4) . Here we derive relations between the two pictures.
Let us consider single-heavy Λ Q and Σ Q baryons. We put the heavy quark Q as the 3rd quark. Then the orbital-spin wave functions of Λ Q and Σ Q in the SU(3) limit are given by
and
In the SU(3) limit, the 2 8(S = 1/2) and 4 8(S = 3/2) can be mixed with the spin-spin/spin-orbit forces (If we further argue SU(6), they do not mix). For m q < m Q , Ψ(Λ Q ; 2 1) and Ψ(Λ Q ; 2 8) may mix with each other and in the large m Q limit, they are reduced to the λ-mode, Φ 1,1,0 , and the ρ-mode, Φ 1,0,1 , excitations. Representing the λ(ρ)-mode with the total spin S by 2S+1 λ( 2S+1 ρ), we obtain
for the Λ Q baryons and
for the Σ Q baryons. Generally, the λ-modes appear lower in energy than the ρ-modes and they do not mix with each other in the heavy quark limit. The two states which are in the same mode but have different spin, (Λ Q ; 2 ρ, Λ Q ; 4 ρ and Σ Q ; 2 λ, Σ Q ; 4 λ) may mix even in the heavy quark limit, because the light quark spin-spin force is still alive in this limit. For intermediate heavy quark masses, all these states may mix and the wave functions of energy eigenstates show how the mixings change as the heavy quark mass increases.
A similar analysis can be done for other heavy quark baryons. We tabulate, in Table VI , the λ-and ρ-modes classification of the P -wave heavy quark baryons and their quantum numbers in the Jacobi coordinate channel 3.
In the heavy quark limit, m Q → ∞, HQS symmetry becomes exact, where the spin degeneracy of J = j ± 1/2 appears. In this limit, the light component j = J − s Q and the heavy quark spin s Q are conserved independently, [H,
The basis in which j becomes diagonal can be written in terms of the Jacobi-coordinate basis states Eq.(17) for the channel c = 3 as
III. RESULTS AND DISCUSSION
A. Energy spectra of single-heavy systems
We first discuss energy spectra of the single-charmed baryons, Λ c , Σ c and Ω c . The energies of the charmed baryons are listed in Table VII and are illustrated in 2839MeV) . Here, J P n denotes the n-th J P state. Further experimental information, such as decay branching ratios and production rates, will be necessary to determine the quantum numbers of these states.
For S = −2 baryons, the lowest states of Ω c (1/2 + ) and Ω c (3/2 + ) have been experimentally observed. We underestimate the mass difference between them by about 20 MeV.
The masses of the single-bottom baryons are listed in Table VIII The calculated mass of the lowest Ξ cc state is 3685 MeV, which is much higher than the experimental observations by SELEX [17] , 3519 MeV. However, the other experimental searches by BARBAR [18] , Belle [19] and LHCb [20] , could not confirm this state. Our prediction is consistent with the recent lattice result as well as the other quark model calculations.
We predict that the lowest Ξ bb state is Ξ bb (
MeV followed by Ξ bb (
The λ-and ρ-mode assignments of the P -wave excitations of ΛQ, ΣQ, ΞQ, ΞQQ, ΩQQ and ΩQQQ. The quantum numbers are given in the Jacobi coordinate channel 3.
C. λ mode and ρ mode structures in heavy baryon systems
Now we compare the heavy baryon spectra for the strange sector and the heavier sector (c and b) and clarify the quark dynamics in the heavy baryon. Strange baryons are conventionally analyzed by the SU (3) f symmetry. When the strange quark is replaced by a heavier quark, c or b, we can study the dynamics of the two light quarks, which may be regarded as a diquark. From this point of view, one sees two distinct excitation modes, λ and ρ modes. The λ-mode state is composed of the (qq) ℓ=0 diquark with L=1 excitation relative to the heavy quark, Q, while the ρ-mode state has an excited diquark (qq) ℓ=1 in the L = 0 orbit around Q.
As is discussed in Sec.I, the λ-and ρ-modes are largely mixed in the SU(3) limit in the light quark sector. This mixing is induced mainly by the spin-spin interaction. Because the spin dependent interaction for the heavy quark is weak, the λ-and ρ-modes are well separated for the charm and bottom baryons. Then, each P-wave state is dominated and characterized either by the λ-mode or ρ-mode.
In order to demonstrate these properties quantitatively, we change the heavy quark mass, m Q , from 300
MeV to 6 GeV and analyze the excitation energies and wave functions. Fig. 9 shows the spectra of Λ Q and Σ Q as functions of m Q . One sees that the splitting between the 1st and 2nd 1/2 − state of Λ Q increases rapidly from 100 MeV in the SU(3) limit to 300 MeV in the heavy quark limit when m Q increases. This behavior is due to the λ − ρ splitting as demonstrated by the harmonic osillator model (in Fig.1) . Namely, the lowest state becomes dominated by the λ-mode as m Q becomes large. This is confirmed in Fig.11 , where the λ-and ρ-mode probabilities of the lowest 1/2 − state are plotted as functions of m Q . One sees that the state is almost purely in the λ mode at m Q ≥ 1.5 GeV; the λ dominance is seen even at m Q = 510 MeV. As is classified in TABLE VI, the quark model predicts seven P-wave Λ Q excitations, ( Fig.  9 , one sees clear splitting (≈350 MeV) of two low lying λ-modes and five higher ρ mode states.
The P-wave Σ Q has also seven states in the quark model, (1/2 − ) 3 , (3/2 − ) 3 , (5/2 − ). One sees that they are classified into the (1/2) 2 , (3/2 − ) 2 , (5/2 − ) λ modes and (1/2 − , 3/2 − ) ρ modes from Fig.9 . The λ-and ρ-modes are separated more slowly than Λ Q as m Q increases, and the λ dominance is seen at m Q ≥ 1750 MeV. The difference comes from the interaction between light quarks which forms the diquark. The diquark in Σ Q has spin 1 and the spin-spin interaction is repulsive for the λ mode, while the ρ mode has a diquark state of spin 0 and the spin-spin interaction is attractive. Therefore, the difference between the excitation energies of the two modes is small compared to Λ Q . Thus, the splitting between the excitation energies of two modes is larger for Λ Q and smaller for Σ Q compared with the case in which there is no spin-spin force as we see in Sec.I. As a result, the change of the probability of two modes in the Σ Q case is more slow than the Λ Q case as shown in Fig.11 .
In the case of double-heavy baryon, the λ-mode state is composed of the (QQ) ℓ=0 heavy diquark with the light quark q, while the ρ-mode state has the excited heavy diquark (QQ) ℓ=1 in the L = 0 orbit around q. The combinations of angular momentum are the same as the Σ Q case which is shown in TABLE VI, but the behavior of λ-and ρ modes are different because Ξ QQ , or Ω QQ contains heavy diquark. As mentioned in Sec.I, ω λ is larger than ω ρ for the P wave double-heavy baryons and thus ρ modes are dominant. This is shown in Fig.10 and Fig.12 . One sees that the (1/2) 2 , (3/2 − ) 2 , (5/2 − ) λ modes and the (1/2 − , 3/2 − ) ρ modes split in the heavy quark region in Fig.10 , and the ρ modes become dominant for the lowest states at m Q ≥ m c in Fig.12 .
D. Heavy baryons in the heavy quark limit
In this subsection, we investigate the behavior of the single-heavy baryons in the heavy quark limit. We decompose the wave functions of the P-wave single-heavy baryons into the parts with different light spin component j as [15] [16] . This is because these states are isolated from the other states, as is shown in Fig.9 . For the other state, two different j components (five λ-modes of Σ Q and five ρ-modes of Λ Q ) still mix in the charm and bottom mass region, because they lie close to each other within 50 MeV (See Fig.9 ). Above m Q =14 GeV, one sees no mixing between different j components. In summary, one finds that the second 1/2 − state of Λ Q and the first 1/2 − state of 1/2 − of Σ Q are the j=0 singlet state. All the other belong to doublets, (1/2 Figs.17-22) . The lowest six states in the heavy quark region can be written as follows. 
IV. SUMMARY
We have studied the spectrum of the single-and double-heavy baryons and discussed their structures within the framework of a constituent quark model. The potential parameters are determined so as to reproduce the energies of the lowest states Λ(1/2
. In the analysis of the baryon wave functions, we have focused on the two characteristic excited modes and investigated the their probabilities as functions of the heavy quark mass. To obtain the precise energy eigenvalues of excited states, we employ the gaussian expansion method, which is one of the best method for three and four body bound states. We have obtained the followings: (2) In the heavy quark limit, we find six doublets and two singlets for the P-wave single-heavy baryons (See Fig.9 ) and two doublets and two singlets for the first six states of positive parity single-heavy baryons. In the charm sector, the mass differences of these heavy quark spin-doublets are less than 30 [MeV] and in the bottom sector, the differences reduce to less than 10 [MeV].
(3) For the double-heavy baryons, we predict that the mass of the ground Ξ cc state is Ξ cc (3685). This result is consistent with the recent Lattice QCD calculations within 50 MeV. Experimentally, it was reported that a double-charmed baryon was found at the mass 3512 MeV [17] . But other experimental groups, LHC and Belle, have not yet succeeded in the observing the state.
(4) We have investigated the dependences on the heavy quark mass m Q of the λ and ρ modes to see the features of the negative parity states. Mixings of the ρ and λ modes are suppressed and only one mode dominates. This is because the spin-spin interaction which mainly causes the mixing becomes small in the heavy quark region. It is a future problem to clarify what physical quantities sensitive the differences of the two modes. One possibility is decay patterns. It is conjectured that the λ-mode states decay dominantly to a light baryon and a heavy meson, while the ρ-mode states decay mostly into a light meson and a heavy baryon. Further studies of the decays and productions of these heavy baryons will be useful to verify more on these structures. 
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